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We perform a theoretical analysis of the Λb → J/ψK
−p reaction from where a recent LHCb
experiment extracts a Λ(1405) contribution in the K−p spectrum close to threshold and two baryon
states of hidden charm in the J/ψ p spectrum. We recall that baryon states of this type have been
theoretically predicted matching the mass, width and JP of the experiment, concretely some states
built up from the J/ψN , D¯∗Λc, D¯
∗Σc, D¯Σ
∗
c and D¯
∗Σ∗c coupled channels. We assume that the
observed narrow state around 4450 MeV has this nature and we are able to describe simultaneously
the shapes and relative strength of the the K−p mass distribution close to threshold and the peak of
the J/ψ p distribution, with values of the J/ψ p coupling to the resonance in line with the theoretical
ones. The non trivial matching of many properties gives support to a JP = 3/2− assignment to this
state and to its nature as a molecular state mostly made of D¯∗Σc and D¯
∗Σ∗c .
PACS numbers:
The advent of chiral Lagrangians to account for the
hadron-hadron interaction at low energies, and the fur-
ther implementation of unitarity in coupled channels to
go to higher energies, has allowed us to gain much insight
into hadron interactions and shown that in many cases
the interaction is strong enough to produce bound states
in some channels, that decay into open ones of lesser
strength, giving rise to known resonances or prediction
of new ones [1–7]. The introduction of the local hidden
gauge Lagrangian [8, 9], extending the chiral Lagrangians
to account for the interaction of vector mesons, has al-
lowed expansion of the field of research and provided new
insight into mesonic [10, 11] and baryonic states [12–14].
In particular its extension to the heavy flavor sector has
led to an adequate framework to investigate systems and
predict states with open charm or beauty which match
existing states [15, 16]. Similarly, the same models have
allowed us to make predictions for baryons with hidden
charm or hidden beauty [17–21], although in this case
the lack of experimental information does not allow one
to fine tune some parameters of the theory and one must
live with larger uncertainties. In this sense, the predic-
tions for the masses in these different approaches differ
in about 100 MeV. The differences can be even bigger
with the work of [22], where the authors use an extended
SU(8) spin-flavour symmetry Weinberg-Tomozawa inter-
action as the leading contribution, with modifications
done to respect Heavy Quark Spin Symmetry (HQSS),
and a particular renormalization/regularization scheme.
Indeed, the bulk of the mentioned differences can be at-
tributed precisely to the renormalization scheme, as dis-
cussed in [19]. Calculations with quark models and five
quarks [23] also lead to bound states of hidden charm,
although they have a larger span of uncertainties.
Although baryons with open charm and open beauty
have already been found, the recent experiment of [24]
that finds a neat peak in the J/ψ p invariant mass dis-
tribution from the Λb → J/ψK−p decay, is the first one
to show signatures of a hidden charm baryon state. Al-
though two states are reported from the J/ψ p invari-
ant mass distribution, the first one, at lower energies,
is quite broad and one does not see any peak in that
distribution. However, the hidden charm state around
4450 MeV, called pentaquark Pc(4450)
+ in the experi-
mental work [24], shows up as a clear peak in this distri-
bution, with a width of about 39±5±19 MeV, and this is
the state we shall consider. We shall take the work of [19]
as reference. We find there, in the I = 1/2 sector, one
state of JP = 3/2− mostly made of D¯∗Σc at 4417 MeV,
with a width of about 8 MeV, which has a coupling to
J/ψN , g = 0.53, and another one, mostly made of D¯∗Σ∗c
at 4481 MeV and with a width of about 35 MeV, which
has a coupling to J/ψN , g = 1.05. The 3/2− signature
is one of the possible spin-parity assignments of the ob-
served narrow state and its mass falls between these two
predictions, although one must take into account that a
mixture of states with D¯∗Σc and D¯
∗Σ∗c is possible accord-
ing to [22, 25]. Although a preference for a 3/2−, 5/2+
assignment for the broad and narrow peaks, respectively,
is indicated in the experimental work of [24], the fact is
that the 5/2+, 3/2− identification is also statistically ac-
ceptable, since the likelihood of both assignments is very
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FIG. 1: Mechanisms for the Λb → J/ψK
−p reaction imple-
menting the final state interaction
similar. Even other assignments are not discarded in the
experimental paper.
On the other hand, following similar steps to those
in [26] to interpret weak decays of heavy hadrons into
light ones, a recent work has made predictions for the
Λb → J/ψK−p reaction and more concretely, Λb →
J/ψΛ(1405) [27]. Interestingly, the work of [24] also sees
a bump in theK−p invariant mass distribution just above
theK−p threshold which is interpreted as due to Λ(1405)
production.
The purpose of the present work is to combine the
information obtained from the experiment on the K−p
invariant mass distribution close to threshold and the
strength of the peak in the J/ψ p spectrum and compare
them to the theoretical results that one obtains combin-
ing the results of [19] and [27]. As we shall see, we find a
K−p invariant mass distribution above the K−p thresh-
old, mainly due to the Λ(1405), which agrees qualita-
tively with experiment, and the strength of this distri-
bution together with the coupling that we find for the
theoretical hidden charm state, produces a peak in the
J/ψ p spectrum, which agrees with the one reported in
the experiment. These facts together provide support to
the idea that the state found could be a hidden charm
molecular state of D¯∗Σc−D¯∗Σ∗c nature, predicted before
by several theoretical groups.
In ref. [27] it was shown that the relevant mechanisms
for the Λ(1405) production in the Λb → J/ψK−p decay
are those depicted in Figs. 1(a) and 1(b). Fig. 1(a) shows
the basic process to produce a K−p pair from the weak
decay of the Λb. The b quark in the Λb first produces
a s quark and a cc¯ state, which makes up the J/ψ, and
then the three remaining quarks u, d and s hadronize
into a meson-baryon pair. The u and d quarks remain
as spectators in the process and carry isospin I = 0, as
in the initial state, producing, together with the s quark,
an isoscalar baryon after the weak process, and hence a
meson-baryon system in I = 0 after the hadronization of
the sud state. The final meson-baryon state then under-
goes final state interaction in coupled channels, Fig. 1(b),
from where the Λ(1405) is dynamically produced. There-
fore the contribution to the Λb → J/ψK−p amplitude
from the Λ(1405) resonance, Figs. 1(a) and 1(b), is given
by (see ref. [27] for more details):
T (K
−p)(MK−p) = Vp
(
hK−p + (1)
+
∑
i
hiGi(MK−p) tiK−p(MK−p)
)
,
where MK−p is the K
−p invariant mass, hi are numer-
ical SU(3) factors relating the production of the differ-
ent meson-baryon channels i in the hadronization (which
explicit value and derivation can be found in ref. [27]),
and Vp accounts for CKM matrix elements and kinematic
prefactors. In [27] it was found that the weights for pri-
mary production of the different meson-baryon channels
after the weak process are
hpi0Σ0 = hpi+Σ− = hpi−Σ+ = 0 , hηΛ = −
√
2
3
,
hK−p = hK¯0n = 1 , hK+Ξ− = hK0Ξ0 = 0 .
The normalization of the amplitude in Eq. (1) is such
that the K−p invariant mass distribution is given by
dΓK−p
dMK−p
(MK−p) =
1
(2pi)3
Mp
MΛb
pJ/ψ pK
∣∣∣T (K−p)
∣∣∣2 , (2)
where pJ/ψ and pK denote the modulus of the three-
momentum of the J/ψ in the Λb rest frame and that of
the K− in the CM frame of the K−p pair.
Since we do not need the absolute normalization of
the invariant mass distributions in the present work, the
value of Vp can be taken to be appropriate, as will be ex-
plained below when discussing the results. In Eq. (1),
Gi represents the meson-baryon loop function and tij
stands for the s-wave meson-baryon unitarized scattering
amplitudes from ref. [28]. Note that the Λ(1405) is not
included as an explicit degree of freedom but it appears
dynamically in the highly non-linear dynamics involved
in the unitarization procedure leading to the tij ampli-
tudes. Actually two poles are obtained for the Λ(1405)
resonance at 1352 − 48i MeV and 1419 − 29i MeV [28].
The highest mass Λ(1405), coupling mostly to K¯N , is
the one of relevance in the present work since it is closer
to the energy region of concern.
It is interesting to note that Eq. (1) explicitly includes
the J/ψK−p tree level contribution (hK−p term in the
parenthesis of Eq. (1)), and that it interferes at the am-
plitude level with the second term in Eq. (1) which, being
proportional to the tiK−p amplitudes, contains the effect
of the Λ(1405). However, the tree level contribution and
its interference with the Λ(1405) amplitude were not con-
sidered in the experimental analysis carried on in [24]. It
3is unclear what the effect of a reanalysis of the data in-
cluding these contributions would be, but it might be
worth trying.
On the other hand, in refs. [19, 21], it was shown
that the J/ψN final state interaction in coupled chan-
nels, considering also the D¯∗Λc, D¯
∗Σc, D¯Σ
∗
c and D¯
∗Σ∗c ,
produces poles in the JP = 3/2−, I = 1/2, sector at
4334 + 19i MeV, 4417 + 4i MeV and 4481 + 17i MeV,
which couple sizeably to J/ψ p (see table II in ref. [19]).
Therefore we can expect to see a resonance shape in the
J/ψ p invariant mass distribution in the Λb → J/ψK−p
decay, maybe a mixture of the different poles. The mech-
anism for the final J/ψN state interaction is depicted
in Fig. 1(c). The filled circle in that figure represents
the final J/ψ p→ J/ψ p unitarized scattering amplitude.
Since in the real axis the shape of this amplitude is very
close to a Breit-Wigner form [19], for the numerical eval-
uation in the present work we can effectively account for
it by using
tJ/ψ p→J/ψ p =
g2J/ψ p
MJ/ψ p −MR + iΓR2
(3)
where MJ/ψ p is the J/ψ p invariant mass and MR (ΓR)
the mass (width) of the Pc(4450)
+. The amplitudes in
refs. [19, 21] provide poles from where MR and ΓR can
be directly obtained, but we fine tune these values to
the experimental results of ref. [24], MR = 4449.8 MeV
and ΓR = 40 MeV, which lie indeed in between the two
heaviest poles obtained in ref. [19], as quoted above. In
Eq. (3), gJ/ψ p stands for the coupling of the dynamically
generated resonance to J/ψ p, for which a range of values
from about 0.5 to 1 are obtained in refs. [19, 21], which
are genuine predictions of the theory.
The contribution of the J/ψ p final state interaction to
the amplitude is then
T (J/ψ p)(MJ/ψ p) = Vp hK−pGJ/ψ p(MJ/ψ p)
× tJ/ψ p→J/ψ p(MJ/ψ p) , (4)
with GJ/ψ p the J/ψ p loop function regularized by di-
mensional regularization as in ref. [19].
Since the main building blocks of the Pc(4450)
+ state
in [19] are D¯∗Σc and D¯
∗Σ∗c , in principle the main se-
quence to produce this baryon should be of the type
Λb → K−D¯∗Σ∗c → K−pJ/ψ (the argument that follows
hold equally for Σc), where one produces K
−D¯∗Σ∗c in the
first step and the D¯∗Σ∗c → pJ/ψ transition would provide
the resonant amplitude accounting for the Pc(4450)
+
state in the J/ψ p spectrum. The topology to pro-
duce the first step would be now different to that de-
picted in Fig. 1(a), corresponding to external emission
in the classification of ref. [29], with the quark sequence
b→Wc, the W producing an initial sc¯ pair, which upon
hadronization will give rise to K¯D¯∗. On the other hand,
as mentioned above, the ud quarks are in I = 0 in the
initial state and act as spectators, hence conserve the
I = 0 character after the weak process and, thus, cannot
lead to Σ∗c states. One could form Λc instead of Σ
∗
c , and
D¯∗Λc is one of the channels coupling to Pc(4450)
+, but
the coupling of this channel in [19] is very small (about
five times smaller than that of J/ψ). There are other pos-
sibilities of hadronization, where one of the u, d quarks
present in the Λb do not act as spectators but instead re-
combine with the c¯ antiquark to form a D¯∗ meson. The
other quarks can now, after hadronization, produce K¯Σ∗c
[30]. However, this mechanism is suppressed, since it in-
volves a large mismatch of momenta between that carried
by the light quarks in the Λb and the momentum of the
outgoing D¯∗. A more detailed discussion of this issue is
given in [31]. The Pc(4450)
+ resonance therefore has to
be produced by rescattering of J/ψ p after the primary
production of Λb → J/ψK−p through the mechanism
depicted in Fig. 1(c). This feature of the reaction is
what allows us to relate the Pc(4450)
+ production with
the K−p production, i.e, the factor Vp hK−p enters the
production of both the Λ(1405), via Eq. (1), and of the
Pc(4450)
+, via Eq. (4).
In Fig. 2 we show the results for the K−p and J/ψ p in-
variant mass distributions compared to the experimental
data of ref. [24]. The absolute normalization is arbitrary
but the same for both panels. In the data shown for the
K−p mass distribution only the Λ(1405) contribution is
included, i.e., it shows the result of the Λ(1405) com-
ponent of the experimental analysis carried out in [24].
Therefore, in order to compare to this data set, only the
amplitude of Eq. (1) is considered. Similarly, the ex-
perimental J/ψ p mass distribution shown in Fig. 2(b)
only considers the contribution from the Pc(4450)
+ and,
thus, the theoretical calculation for Fig. 2(b) only con-
siders the amplitude of Eq. (4). The different curves are
evaluated considering different values for the coupling of
the Pc(4450)
+ to J/ψ p, (gJ/ψ p = 0.5, 0.55 and 0.6).
For each value of gJ/ψ p, VP has been normalized such
that the peak of the J/ψ p distribution agrees with ex-
periment, and this is why there is only one curve for
the J/ψ p mass distribution. Note that the mass of the
higher Λ(1405) resonance lies below the K−p threshold.
Therefore the accumulation of strength close to thresh-
old is due to the tail of that resonance. The experimental
analysis of Ref. [24] parametrizes the contribution of the
Λ(1405) as a Breit Wigner, which falls down fast above
threshold as a function of the K−p invariant mass. In the
chiral unitary approach used here, the resonance is dy-
namically generated and, in addition, a background (tree
level term in Eq. (1)) is also present. Altogether provides
a milder slow down with the K−p invariant mass, that
renders our distribution flatter than that obtained in the
experimental analysis.
The results are very sensitive to the value of the J/ψ p
coupling since the J/ψ p partial decay width is propor-
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FIG. 2: Results for the K−p and J/ψ p invariant mass distri-
butions compared to the data of ref. [24].
tional to g4J/ψ p. The figure shows that a value for the
coupling of about 0.5 can account fairly for the rela-
tive strength between the J/ψ p and K−p mass distribu-
tions. This value of the coupling is of the order obtained
in the extended local hidden gauge unitary approach of
refs. [19, 21] which is a non-trivial consequence of the
theoretical model since the value of this coupling is a re-
flection of the highly non-linear dynamics involved in the
unitarization of the scattering amplitudes.
It is also worth noting that the values of gJ/ψ p used,
lead to a partial decay width of Pc(4450)
+ into J/ψ p
(Γ =MNg
2
J/ψ p pJ/ψ/(2piMR)) of 6.9 MeV, 8.3 MeV, 9.9
MeV, which are of the order of the experimental width,
but smaller as it should be, indicating that this channel
is one of the relevant ones in the decay of the Pc(4450)
+
state.
Reproduction of the exact shape of the experiment in
Fig. 2(a) is not essential here. First, there are assump-
tions made in the experiment to extract the Λ(1405)
signal as mentioned above. Furthermore, one should
take into account that different theoretical models that
equally well fit the K−p → X data, lead to different
shapes for this K−p distribution. In fact, as seen in [27],
the Bonn model of [32] produces a shape with a faster fall
down, more in agreement with the experiment. We em-
phasize the fact that the chiral unitary approach provides
a full amplitude and not only the resonance contribution.
Hence, the comparison with ref. [24] is meaningful for
values of Minv close to threshold, about 50 MeV above
threshold.
The fact that we can fairly reproduce the relative
strength of the mass distributions with values of the cou-
pling in the range predicted by the coupled channels uni-
tary approach, provides support to the interpretation of
the Pc(4450)
+ state as dynamically generated from the
coupled channels considered and to the 3/2− signature
of the state.
We should nevertheless acknowledge that we do not
have an explanation for the broad state Pc(4380) claimed
in the experimental analysis. The experimental support
for the existence of this state is not as strong as for the
narrow one. Indeed, its Argand plot is not as clean as
that of the narrow Pc(4450) [24]. On the other hand it
is worth recalling that in spite of its large strength in
the experimental analysis, it does not show up, even as
a bump in the J/ψp experimental invariant mass distri-
bution. One should also mention that this peak in the
J/ψp mass distribution mostly accounts for the strength
of the K−p distribution at large invariant masses where
background terms, in particular the tree level contribu-
tion advocated in the present work, might play a role.
The findings of [24] prompted the work of [33] where,
using a boson exchange model [34], molecular structures
of D¯∗Σc and D¯
∗Σ∗c are also obtained with similarities
to our earlier work of [19]. However, the interrelation
between the J/ψ p and K−p invariant mass distributions
is not addressed in [33].
It should also be mentioned that the possibility that
the peak observed experimentally is just a kinemati-
cal effect due to a triangular singularity involving the
χc1p → J/ψp transition has been pointed out recently
[35]. Since this transition amplitude is OZI forbidden it
would be most appropriate to make reliable estimates of
its strength in order to determine the relevance of this
mechanism compared to the experimental findings.
Summarizing, it is a confluence of many facts that leads
us to make these claims about the new state found: The
fact that theoretically it was predicted with 3/2− and
the range of the mass and the value of the width agree
with experiment. The fact that the J/ψ p is only a minor
channel in the build up of the resonance (the dominant
channels have a coupling of the order of 3, compared to
0.5 of J/ψ p), but one relevant in the decay. The fact that
the production of the dominant D¯∗Σc and D¯
∗Σ∗c compo-
nents of Pc(4450)
+ is suppressed in the weak process,
which forces the resonance to be produced from J/ψ p
rescattering. This was essential for us to be able to re-
5late the K−p production with J/ψ p production. Also
the couplings gJ/ψ p needed to match the two mass spec-
tra are in line with the theoretical predictions and lead to
a partial decay width into the pJ/ψ channel of the order,
but smaller, than the total width of the Pc(4450)
+ state.
The matching of these pieces in this puzzle supports the
interpretation of the Pc(4450)
+ state found as a molecu-
lar state of mostly D¯∗Σc and D¯
∗Σ∗c nature with isospin
I = 1/2 and spin parity 3/2−.
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